nels, presynaptic terminal function, postsynaptic NMDA receptor subunit composition, and formation of the inhibitory circuitry, are independent of sensory inputs. Therefore, the first relay station of the whisker sensation is largely maturelike and functional at birth. Delineation of activity-dependent and activity-independent features of the postnatal PrV is important for understanding the development and functional characteristics of downstream trigeminal stations in the thalamus and neocortex. This mini review focuses on such features of the developing rodent PrV.
play different roles in synaptic refinement. Studies on the development of retinogeniculate connections have yielded perhaps the most prominent examples. The establishment of eye-specific layers, retinotopic maps, and the majority of synaptic refinements depend on patterned spontaneous activity in the form of retinal waves [for reviews, see [3] [4] [5] . The visual experience induced by patterned retinal activity further refines and stabilizes the synaptic circuits by changing the synaptic input strength and number [6] [7] [8] .
The whisker-sensory trigeminal central pathway of nocturnal rodents is another established model for studying activity-dependent synaptic plasticity. In this pathway, the first relay station is the ventral part of the trigeminal principal nucleus (PrV), which receives whiskersensory information brought by the infraorbital nerve (ION), a thick branch arising from the maxillary nerve. Trigeminal ganglion (TG) cells that contribute axons to the ION show low-frequency spontaneous and high-frequency sensory activities [9, 10] . The spontaneous activity in the TG cells cannot be blocked with conventional sodium channel blockers such as tetrodotoxin, perhaps due to tetrodotoxin-resistant sodium channels and/or voltage-gated calcium channels. Nevertheless, the sensory activity in the TG cells can be blocked by ION transection or crush that leads to synaptic plasticity in the PrV [for a review, see 11 ] . In the present review, we summarize the activity dependence of various morphological and physiological properties of the developing PrV.
Sensory Activity-Dependent Properties within a Time Window

Barrelette Formation and Consolidation
Barrelettes are built by focalized presynaptic afferent arbors and trigeminothalamic projection neurons, their main partners around birth. The spatial arrangement of these neural modules replicates the punctate distribution of whisker follicles in 5 rows on the snout and the perioral sinus [12] [13] [14] [15] [16] . Damage to the sensory periphery (ION) before postnatal day 3 (P3) results in disruption of their central neural correlates [for reviews, see [17] [18] [19] [20] . Peripheral nerve injury also leads to aberrant orientation of the dendritic trees of barrelette cells [21, 22] . After this time window (critical period), ION transection fails to alter the neural patterning and dendritic orientation bias. Thus, barrelette formation and consolidation are dependent on an intact sensory periphery and ION during the critical period (P0 to P3).
PrV Cell Death
Neonatal ION transection leads to cell death in the TG [23] [24] [25] [26] and PrV [27] [28] [29] due to the loss of sensory activity in TG cells. Neural activity, particularly through N-methyl-D -aspartate receptors (NMDAR), can protect neurons against programmed cell death [30] . Most likely, deafferentation-induced cell death in the PrV is limited to a critical period, as in other brain regions. For example, cell death in the spinal cord dorsal horn by dorsal root injury occurs on P1 to P2 but not on P14 [31] ; cell death in the anteroventral cochlear nucleus of mice results from cochlea removal on P5, not on P14 [32] . In addition, ION transection in rats before P7 also leads to transneuronal degeneration (cell death) in the thalamic ventroposteromedial nucleus (VPM). ION transection after P7 does not lead to cell death in the VPM [33] . The existence of a critical period for cell death in the PrV is supported by an early study in rats. Neonatal ION transection led to a 21% reduction of the cross-sectional area of PrV, and ION damage on P60 did not result in a significant change in the area [27] .
Sensory Activity-Dependent Properties without a Time Window
Synaptic Refinement
Synaptic connections between the TG and the PrV are subject to postnatal refinement that can be revealed by multiple input index (MII) analysis. This is an electrophysiological estimation approach used to assess developmental changes in synaptic connections in various brain structures [see discussion in 34 ] . In response to an increasing intensity of trigeminal tract (TrV) stimulation, the amplitude of the excitatory postsynaptic currents (EPSC) in barrelette neurons increases in steps. The number of steps (MII) acts as an index of the minimal number of TrV fibers converging onto each recorded neuron. MII analysis in the PrV has shown that afferent connections decrease by ∼ 30% within 2 postnatal weeks [34] . The synaptic elimination (decrease in MII) does not occur after ION transection on both P0 and P4 (after the critical period); instead, the MII is increased by synaptogenesis (see Suppression of Synaptogenesis), suggesting that synaptic elimination depends on sensory activity without a critical period.
Postsynaptic AMPA Receptor Trafficking
Within the first postnatal week, about 80% of the synapses in the PrV are functional, with both α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-and NMDAR-mediated postsynaptic responses. About 20% are silent synapses, in which there are almost no AMPAR-mediated response, just like those shown in hippocampal and cortical slices [35] [36] [37] . After neonatal ION transection, most functional synapses turn into silent synapses lacking functional AMPAR. Increased AMPAR surface expression (exocytosis) by glycine immediately causes the AMPAR-mediated response to resume. Besides, silent synapses convert to functional synapses by NMDAR-mediated 50-Hz activity, but not by 1-Hz activity, suggesting that NMDAR-mediated high-frequency input activities promote AMPAR exocytosis. Maintenance of AMPAR function also depends on whisker-sensory inputs, because after neonatal ION transection silent synapses persist through the second postnatal week [38] . Neonatal ION crush blocks the conducting function of about two thirds of the ION fibers. ION function recovers partially at 5 days postinjury and the recovery is complete by postinjury day 7. During blockade of ION function, the incidence of silent synapses increases ∼ 3.5-fold in relation to the control value. The incidence of silent synapses drops to the control value on postinjury days 5-7, when the ION function has mostly recovered. Thus, AMPAR trafficking depends on sensory afferents even after the critical period of PrV pattern plasticity [39] .
Suppression of Synaptogenesis
After neonatal ION transection, MII analysis demonstrates an increase in excitatory connections from TG cells to single barrelette neurons in the rat PrV. The estimated number of converging ganglion cells (i.e. MII) gradually increases from postinjury day 2 to day 5 and remains unchanged in the second postnatal week. This suggests that at an early stage of postnatal development, after disruption of the sensory input flow, quite a few new synapses form between surviving TG and barrelette cells. In other brain structures of adult animals, deafferentation-induced new synapse formation has been identified as reactive synaptogenesis [40] [41] [42] [43] [44] [45] [46] . Reactive synaptogenesis in the deafferented PrV can also be induced by ION transection on P4 (after the critical period) with a similar time course [34] , suggesting that reactive synaptogenesis is not limited to a time window.
Reaction of Astrocytes to Deafferentation
Neonatal ION transection leads to significant gliosis in the PrV, with a dramatic increase in astrocyte number and the length and thickness of their processes under light microscopic observation. Pharmacological and morphological studies suggest that this reaction of astrocytes promotes synaptogenesis [34] . The extracellular ATP concentration increases after ION transection, so that quiescent astrocytes convert to reactive ones with an upregulated glial fibrillary acidic protein (GFAP; astrocyte marker) expression via the activation of purinergic receptors on astrocytes. Subsequently, reactive astrocytes release some molecules such as thrombospondins that promote synaptogenesis [for reviews, see [47] [48] [49] . A similar reaction of astrocytes is also observed in the PrV during blockade of ION conduction after ION crush. However, after functional recovery of ION on P10 (after the critical period), this particular reaction is no longer visible with GFAP immunocytochemistry [39] . Therefore, the astrocyte reaction is controlled by sensory afferents without a critical time window.
Reaction of Microglia to Deafferentation
Deafferentation induces an increase in the number, cell body size, and processes of microglia in the PrV. This reaction is no longer present after the recovery of ION function [39] . Although the effects of microglia reaction on synaptic plasticity in the PrV are still unknown, sensory afferents from whiskers do modify microglia function without a critical period.
Receptive Fields of PrV Cells
Receptive-field properties of the PrV cells are investigated with in vivo recording techniques. In the first in vivo recordings of the rat PrV [50] , the recorded cell types were not identified. Later studies [51] identified barrelette (trigeminothalamic relay) cells of the PrV by antidromic activation from thalamic stimulation, and further investigations [9, [52] [53] [54] [55] [56] [57] revealed that rat barrelette cells respond to whisker deflection by tonic (slowly adapting, a train of spikes) or phasic (rapidly adapting, a few spikes) discharges. Sanchez-Jimenez et al. [57] demonstrated that the two responses are caused by differential action of the somatosensory cortex on a unique type of PrV cell. Aspiration of the contralateral somatosensory cortex results in almost complete disappearance of phasic responses in the PrV by loss of corticofugal projection-induced inhibition (membrane hyperpolarization). Electrophysiological and numerical simulative results [57] show that the somatosensory cortex exerts strong modulation on the responses of PrV cells by direct projection or indirectly via intranuclear connections arising from the spinal trigeminal nucleus [56, 58, 59] . PrV barrelette cells also have 2 types of receptive fields, responding to a single whisker (majority) and multiple whiskers (minority). A polysynaptic pathway in the brainstem might mediate the response to multiple whiskers [54] .
Neonatal ION transection induces expansion of the receptive fields of the PrV cells to other areas such as the lower jaw and intraoral fields, the skin of the nose, and the whiskers by the eye and the ear [27] . This suggests that PrV cells receive new synaptic connections from other afferent fibers. Because reactive synaptogenesis occurs also in adult animals, the expansion of receptive fields should take place even after ION injury in adults despite the negative results from an earlier study [27] .
Sensory Activity-Independent Properties
Cell Type-Specific Ion Channels in the PrV
The PrV contains 3 types of cells: barrelette (relay to VPM), interbarrelette (interconnections among the brainstem trigeminal nuclei), and GABAergic interneuron (form inhibitory circuits). Barrelette and interbarrelette cells can be identified by their specific ion channels with combined biocytin intracellular staining and whole-cell patch recording from in vitro PrV brainstem slice preparations [60] . Barrelette cells possess A-type potassium conductance. Interbarrelette cells show a low-threshold spike mediated by T-type Ca 2+ channels. In addition, some presumable GABAergic interneurons show fast-spiking properties with a narrow action potential and a high-frequency firing pattern upon membrane depolarization. Thus, each type of PrV cell can be identified electrophysiologically. Cell type-specific channels are not dependent on the sensory afferents, because after ION transection surviving PrV cells show the same specific ion channels.
Development of the Membrane Properties of PrV Cells
As early as P1, both barrelette and interbarrelette cells display mature-like morphological and electrophysiological characteristics. During postnatal development (P1 to P13), there are no further changes in resting potential, the composition of active conductances, or Na + spikes. The only notable change is a decline in the input resistance of both cell types because of cell growth. For interbarrelette cells, the amplitude of low-threshold spikes is slightly increased [22] . Thus, there are no significant changes in the membrane properties of PrV cells during postnatal development. After ION transection, the basic membrane properties of the surviving barrelette cells and the interbarrelette cells are similar to those of normal PrV cells, despite the disruption of barrelettes and the symmetrical orientation of the dendritic trees of the surviving barrelette cells [22] . Therefore, the development of membrane properties in the PrV does not depend on sensory synaptic inputs.
Presynaptic Transmitter Release Probability of Trigeminal Afferent Terminals
PrV cells receive whisker-sensory afferents via the trigeminal tract (TrV), formed by the central axonal branches of the TG cells. A paired-pulse protocol was used to reveal the transmitter release probability of the TG central terminals. The Pr varied from low to high in a Gaussian distribution of paired pulse ratios with a peak at 100% [61] . This presynaptic property may facilitate the transmission of continuous TG responses [62] to the PrV neurons. Thus, the PrV differs from the thalamic VPM nucleus and the barrel cortex, which receive exclusively high Pr presynaptic afferent terminals downstream from the PrV [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] . Neonatal ION transection induces the death of 9-10% of TG cells [25, 26] . The central terminals of the surviving TG cells are still functional, although their peripheral branches are transected. The distribution of paired pulse ratios also fits to similar Gaussian functions in the deafferented PrV [61] , and thus the broad spectrum of presynaptic transmitter release probabilities is not sensory activity dependent.
NMDAR Subunit Composition of PrV Cells
NMDAR are made of an essential NR1 subunit and NR2 and/or NR3 subunits. NR2A and NR2B are the predominant subunits. The kinetic properties of NMDA channels, such as the decay speed of EPSC, depend on the NMDAR subunit composition that can be determined by the weighted decay time constant (τ w ) of NMDAR-mediated EPSC and Western blot analysis [for reviews, see 73, 74 ] . The τ w measurement reveals that NMDAR contain both NR2A and NR2B subunits in barrelette and interbarrelette cells. The NR2A/NR2B ratio does not change during postnatal development (P0 to P14) [75] , so that NMDAR-mediated EPSC always has a slow decay, i.e. a longer duration. Because tonic firing is the common response to whisker deflection for the majority of the TG cells [76] , a longer EPSP in the PrV may facilitate the synaptic transmission of tonic signals. The unchanged NR2A/NR2B ratio is also confirmed by Western blot analysis [74] . This is another unique property in the first relay station of the trigeminal central pathway. In the barrel cortex and thalamic VPM, there is a switch from NR2B to NR2A subunits during postnatal development [77] [78] [79] . Additionally, the subunit composition of postsynap-tic NMDAR is independent of the sensory afferent activity because, after neonatal deafferentation, the NR2A/ NR2B ratio of the surviving PrV cells remains unchanged [75] .
Inhibitory Circuits
In neonatal PrV-brainstem slices, stimulation of the trigeminal afferent fibers induces both postsynaptic excitatory and inhibitory responses in barrelette cells, suggesting that postsynaptic circuits have formed by birth. Latency analyses have shown that a monosynaptic circuit mediates the excitatory response, while a disynaptic circuit mediates the inhibitory response [59] . Neonatal ION transection results in cell death in both TG [23] [24] [25] [26] and PrV [27] [28] [29] and strengthening of excitatory synaptic connections as described above. The inhibitory response is still present in the surviving barrelette cells, suggesting that both the formation and the stabilization of inhibitory circuits in the PrV do not depend on sensory inputs.
Discussion and Conclusion
The Sensory Pathway from the Whiskers to the PrV Is Functionally Mature at Birth
Whisker and circumoral sensation is critical for development of newborn rodent pups. The lack of a passive whisker touch at an early neonatal stage diminishes postnatal weight gain and impairs whisker sensorimotor coordination behaviors [80] . At birth, the whisker-related neural pattern (barrelettes) is formed already, and specific morphological and physiological characteristics differentiate 3 types of PrV cells. The excitatory and inhibitory circuits are mostly functional. The presynaptic release probability of TG axon terminals, the membrane properties of PrV cells, and the NMDAR subunit composition in the PrV are adult-like, without remarkable postnatal development. The only important postnatal development is synaptic pruning that refines synaptic connections. Compared to the thalamic VPM and the barrel cortex, the PrV has unique properties, such as a broad spectrum of presynaptic release probability, and further lacks NMDAR subunit composition shifts. The physiological mechanisms underlying the prenatal development of the PrV need elucidation.
Activation of NMDAR Plays a Pivotal Role in Synaptic Plasticity in the PrV
NMDAR-mediated high-frequency activity (as similarly induced by sensory inputs) is required for AMPAR exocytosis. This suggests that high-frequency activation of NMDAR may induce long-term potentiation and strengthen the synaptic connections. Synaptic elimination (refinement) in the PrV also depends on high-frequency sensory activity rather than low-frequency spontaneous activity. This seems to contradict the general conception that a lower Ca 2+ influx by low-frequency NMDAR-mediated activity triggers long-term depression (LTD) that results in synaptic elimination. However, this view has been revised and expanded by recent studies [81] [82] [83] showing that LTD induction does not require a Ca 2+ influx. LTD is induced by nonionotropic (metabotropic) NMDAR signaling, so that high-frequency synaptic activation can induce LTD if the Ca 2+ flux through the NMDAR is blocked. This may normally occur when a synapse is hyperactive while surrounding synapses onto the same cell are inactive, or when excitatory synapses are active during inhibitory tone [81] .
It is noteworthy that the effects of ION transection and loss of NMDAR function are similar to each other. In the PrV, ION transection results in a lack of orientation of the dendritic trees of barrelette cells [22] , while the same change in the dendritic trees of barrelette cells is present in the PrV of NR1 subunit knockdown mice [84] . In addition, ION transection leads to an increase in MII in the PrV of rats [33] , while cortex-specific knockout of the NR1 subunit in mice results in a similar increase in MII in layer 4 of the barrel cortex [85] . These findings suggest that NMDAR-mediated activity is involved in dendrite branching and synaptogenesis.
Reaction of Glia in Activity-Dependent Plasticity
Deafferentation leads to the reaction of astrocytes and microglia in the PrV of rats without a time window. Morphological and pharmacological studies have shown that reactive astrocytes mediate synaptogenesis in deafferented PrV [33] . However, more studies are needed to detail the effects of reactive astrocytes and microglia on PrV development more comprehensively.
On the whole, whisker-related sensory activities play a crucial role in the postnatal development of the first relay station of the central trigeminal pathway. Additionally, other factors contribute to pre-and postnatal development. For example, the formation of a barrelette map in the PrV depends on molecular signals from the whisker follicles that retrogradely regulate the expression of positional identity genes in the TG through the ION, so that TG axons project to the PrV topographically [86, 87] . Such signaling seems to be missing at postnatal stages, indicating that postnatal consolidation of barrelettes relies exclusively on sensory activities.
The studies discussed here clearly show that central sensory relay areas of the mammalian brain do not share common features solely based on the first, second, etc., relay zones but rather most likely based on their specific location along the neuraxis. In this context, the first relay station of the visual pathway from the optic nerve, i.e. the lateral geniculate nucleus of the thalamus, differs significantly from the PrV but most likely shares commonalities with the second relay station of the trigeminal somatosensory pathway, i.e. the thalamic VPM nucleus. Perhaps there are more common features between the brainstem sensory nuclei, such as the dorsal column nuclei and the nucleus of the solitary tract and the PrV.
